Concrete structure is frequently subjected to the fire attack, whereas the permeability of concrete with fire-damage has received little consideration. is paper aims to investigate the chloride permeability of plain concrete and recycled aggregate concrete (RAC) with fire-damage, and the effects of various cooling patterns and recuring treatment on the chloride permeability are also studied. e results manifest that the elevated temperatures result in an increase in the fire-damage and chloride permeability of concrete, and that the increase becomes more obvious with the temperature above 400°C. Attributing to the water-cooling which provides a recuring environment, the chloride permeability after water-cooling is lower than that after air-cooling when the temperature is 200°C. Whereas when the temperature is above 400°C, the chloride permeability after water-cooling becomes higher than that after air-cooling, due to an extra damage that the water-cooling produces. e recuring treatment can reduce the chloride permeability of concrete with fire-damage, and the reduction becomes more significant when the concrete suffers a serious fire-damage. Exposing to the same condition of high temperature, the addition of recycled aggregate (RA) further boosts the fire-damage and chloride permeability of concrete. Particularly, the chloride permeability increases with the increasing of RA replacement ratios, linearly, and the increased temperatures further lead to an increase in the slope of the fitting straight line.
Introduction
With the rapid development of construction technology, concrete is frequently subjected to the harsh environments, and the concrete structure possibly suffers a fire-damage when the fire attack happened or using the concrete as the protection materials in the furnace [1] [2] [3] [4] . Previous studies found that the concrete's mechanical properties decreased with an increase in the elevated temperatures, and the structural safety and service life reduced correspondingly [5, 6] . e microscopic tests further revealed that the increased temperatures leaded to an increase in the development of cracks and pores in concrete [7, 8] . Exposing to the high-temperature condition, some durability experiments, such as the carbonation and freeze-thaw resistance tests, were also been conducted by the previous works, and the results demonstrated that the fire-damage resulted in a decrease in the concrete durability [9, 10] , whereas the effects of fire-damage on the chloride permeability were less considered in the previous studies.
e durability deterioration frequently happens along with the water and aggressive ions penetrations into concrete. e chloride permeability, which mainly results in the steel corrosion in the reinforced concrete, is the most important indicator of the concrete durability [11] [12] [13] . In recent years, many studies on the chloride permeability have been carried out by the scholars around the world. e chloride permeability by the forces of capillary absorption, diffusion, and hydrostatic pressure was investigated, respectively, and the corresponding models were also established [14] [15] [16] . Yu et al. [17] , as well as Muthulingam and Rao [18] presented the effects of mineral admixtures on the chloride permeability, and they found that appropriate content of mineral admixture reduced the chloride permeability. Zhang et al. [19] further studied the impact of freeze-thaw damage on the chloride permeability, and the results highlighted that the freeze-thaw damage enhanced the chloride permeability. e works of Fu et al. [20] and Wang et al. [21] demonstrated that the chloride permeability increased with the increase of imposed loading damage. Ma et al. [22] further found that the water-repellent treatment can improve the resistance to chloride permeability of concrete with and without initial damage. e results above manifest that the chloride permeability is closely related to the exposure environment, the supplementary cementing materials, and concrete types [23, 24] . Moreover, the imposed damage boosts the chloride permeability significantly, which should be considered in the durability design and recovery.
Touil et al. [25] investigated the effects of temperatures (5-50°C) on the chloride permeability of saturated concrete, and the results demonstrated that the increased temperatures improved the chloride permeability. However, the effects of high temperature (above 200°C) on the chloride permeability were less considered in the previous studies.
e watercooling was frequently used in the fire extinguishing when a fire happened, whereas the laboratorial studies on the properties of concrete with fire-damage were almost conducted after air-cooling [26, 27] . Consequently, the effects of various cooling patterns on the chloride permeability should be investigated, which were less considered in the previous literatures. Furthermore, the works of Henry et al. [28, 29] and Wan et al. [30] found that the recuring treatment can recover the properties of concrete with imposed damage; for instance, an improvement in the concrete strength can be observed for concrete after recuring, whereas the related studies on the property recovery were almost focused on the microstructure and strengths and the recovery of permeability resistance received little considerations. us, the influence of recuring treatment on the chloride permeability of concrete with firedamage should be studied.
Recycling the waste concrete and bricks into recycled aggregate (RA) is the most effective method of reducing the amount of construction and demolition (C&D) wastes, which meets the sustainable development of construction industry [31, 32] . e chloride permeability of recycled aggregate concrete (RAC) has been investigated by many scholars, and the results highlight that the addition of RA increases the chloride permeability [33] [34] [35] . However, the previous studies were almost conducted on the RAC without initial damage.
is paper is developed to study the influence of high temperature, cooling pattern, and the recuring treatment on the chloride permeability of plain concrete. Meanwhile, considering the wide application of RAC in the construction engineering, the chloride permeability of RAC with firedamage has also been investigated in this paper.
e elevated temperature test, the recuring treatment, and the chloride permeability test were carried out, respectively. Particularly, this paper establishes the relationship between the chloride permeability and the imposed fire-damage, which provides some necessary data for the durability design and recovery of concrete with fire-damage. Table 1 gives the mix proportion of plain concrete with the w/c ratios of 0.4 and 0.5, and the specimen is a cube with the size of 100 mm. Table 1 also shows the mix proportion of RAC,  and the RA replacement ratios are 0%, 33%, 66%, and 100%, respectively. e RAC-0% specimen is also titled as the plain concrete without the addition of RA, and the RAC-100% specimen stands for all the natural coarse aggregates in concrete which are replaced by the same weight of RA. Table 2 gives the comparison on the NA and RA properties. Due to the existence of adhered old mortar on the RA, the density parameters of RA are generally lower than those of NA, and the crushing value index of RA is about 1.14 times higher than that of NA. Particularly, the water absorption of RA is about 4.3 times higher than that of NA, and the permeability behavior of RAC is greatly affected by the high water absorption of RA. e results above highlight that the properties of RA are generally lower than those of NA. Furthermore, Figure 1 shows the particle size distribution of RA and NA. Although the particle size distribution of RA meets the requirement of Chinese standard "Pebble and crushed stone for building" (GB14685-2001), the particle size distribution of RA is generally lower than that of NA. After concrete preparing and hardening, all the specimens were placed into a curing room, where the temperature was (20 ± 2)°C and the relative humidity was above 95% for 56 days. Figure 2 (a) shows the sketch map of the whole testing process. e concrete specimens, after curing, were first cut into halves. en, they were placed in the drying oven until a constant weight reached, which aims to make the concrete dry completely and prevent the concrete from spalling. After that, the high-temperature test was carried out. e targeted temperatures were 20, 200, 400, and 600°C, and the heating rate was kept at 5°C/min until the target temperature reached. e target temperature was maintained for 2 hours to induce enough fire-damage in concrete. Subsequently, all the specimens were taken out from the high-temperature furnace. For investigating the effects of cooling patterns on the chloride permeability, the one half of the specimen was cooled by air, and meanwhile, the other half of the specimen was immediately cooled by the water spraying.
Materials and Experimental Details

Mixture Proportions and Concrete Specimens.
High-Temperature Test and Cooling Treatment.
e aircooling pattern refers to the specimens, after suffering high temperature, which were placed in the indoor environment with the temperature of 20°C. e water-cooling pattern stands for the specimens, after suffering high temperature, which were cooled by the water spraying until the indoor temperature reached.
e relative dynamic elastic modulus is frequently used to quantify the imposed damage of concrete. Using an ultrasonic concrete tester, the relative dynamic elastic modulus can be determined by the values of ultrasonic wave velocity or sonic time [36] . Meyers [37] proposed the relationship between the ultrasonic wave velocity and dynamic elastic modulus, as shown in Eq. (1) , where the C is the ultrasonic wave velocity; E rd stands for the relative dynamic elastic modulus; p presents the concrete density; and υ is the Poisson's ratio. Furthermore, Zhu et al. [38] and Xv et al. [39] further gave the equation used in testing the relative 2 Advances in Civil Engineering dynamic elastic modulus of concrete with re-damage, as shown in Eq. (2), where the E i and E 0 are the dynamic elastic modulus of concrete with and without re-damage; W i and W 0 are the mass of concrete with and without re-damage; C i and C 0 are the ultrasonic wave velocity of concrete with and without re-damage; and T i and T 0 are the sonic time of concrete with and without re-damage, and they are recorded in the ultrasonic concrete tester:
Due to the recuring treatment that provides a recovery environment and promotes the rehydration of C-S-H and CaCO 3 , the properties of concrete with initial damage can be improved. is paper also presents the in uence of recuring treatment on the chloride permeability of concrete with redamage. After su ering various temperatures and aircooling, the concrete specimens were placed in the alkali solutions for 56 days. Finally, the chloride permeability tests were carried out on the concrete with re-damage and recuring treatment.
Chloride Permeability Test.
e concrete specimens after various high temperatures and cooling patterns were put into a 5% NaCl solution for 60d to conduct the chloride permeability test. After that, the specimens were dried at a drying box, and then one layer of the concrete specimen with a thickness of about 2-5 mm was milled starting from the specimen surface exposed to the NaCl solution. e chloride content of the power obtained in this way was determined by the chloride ion selective electrode (ISE), in terms of Chinese standard "Testing code of concrete for port and waterwog engineering" (JTJ 270). Figure 2 (b) gives the chloride permeability test and the method of testing chloride content. Using the AgCl and calomel electrodes as the chloride ion selective electrode and the reference electrode, respectively, they were rst placed in the NaCl solution for 2 h to improve their activation. en, they were put in the NaCl solution with the concentration of 5.5 × 10 −3 mol/L and 5.5 × 10 −4 mol/L to build the relationship between the electric potential and the chloride concentration. Finally, the electrodes were placed in the solution in which the concrete powder was dissolved, and the chloride content per unit of concrete was obtained by the determined electric potential values.
For the concrete with saturated water, the chloride migration in concrete is mainly by the di usion force, and it can be described by the Fick's second law, as shown in Eq. (3), where the C(x, t) stands for the free chloride content at a depth x and exposure time t; C S presents the surface chloride content; and C o is the initial chloride content in concrete.
e chloride di usion coe cient titled D ap , with the unit of 10 −12 m 2 /s, can be obtained by tting the chloride content curves with the least-squares method: Advances in Civil Engineering 3
Results and Discussion
Properties of Concrete Exposed to Various Temperatures and Cooling
Patterns. e distribution of pores and cracks is closely related to the chloride permeability of concrete. Figure 3 gives the XCT and SEM images of concrete after various elevated temperatures to quantify the development of pores and cracks in concrete. Seeing from Figure 3(a) , there are not the newly formed cracks and pores in concrete during the temperature below 200°C, along with the evaporation of free water and physically absorbed water in hydration products [6] . When the temperature exceeds 400°C, the Ca(OH) 2 begins to decompose into CaO and H 2 O, as well as the microcracks in cement matrix and ITZ start to propagate and their intensity increases with temperature [6, 40] .
e obvious cracks can be observed on the concrete surface after water-cooling. When the temperature is 600°C, most of the C-S-H decomposes into β-C 2 S, and the carbonates begin to decompose and it is reported that this temperature generates irreversible damages [41, 42] .
As shown in Figure 3 (c), the obvious cracks and pores in concrete can be seen from the XCT images. In this temperature, the numbers and widths of cracks on the concrete surface after water-cooling are both higher than that after air-cooling.
Figure 4(a) shows the residual compressive strength after various temperatures and cooling patterns. e results highlight that the increased temperatures lead to the decreasing of compressive strength. For concrete with the w/c ratio of 0.5, the compressive strength after 20, 200, 400, and 600°C are 34.8, 30.1, 24.7, and 19.8 MPa, respectively. Particularly, the cooling pattern has a great impact on the residual compressive strength. With the temperature of 200°C, the residual compressive strength after water-cooling is slightly higher than that after air-cooling, because of the fact that the water-cooling treatment provides a recuring environment and the concrete properties are improved. Whereas when the su ered temperatures are above 400°C, the residual compressive strength after water-cooling becomes lower than that after air-cooling.
Zhai et al. [43] also found the similar results that the residual compressive strength after water-cooling is higher than that after air-cooling, when the su ered temperatures are below 300°C. e reason, he explained, is that the watercooling promotes the production of hydrated calcium silicate in concrete with re-damage, and some free water re lls the 100 * 100 * 100 100 * 100 * 50 pores in concrete. Furthermore, the unhydrated cement in concrete further produces a rehydration reaction, which resulted from the decomposition of hardened cement mortar in concrete at high temperatures [42] . Whereas when the su ered temperatures are above 400°C, the large temperature di erence results in an additional damage in concrete after water-cooling, and the newly formed cracks further reduce the residual compressive strength of concrete. us, the residual compressive strength after water-cooling is lower than that after air-cooling, after exposing a relative high temperature (above 400°C). Furthermore, Figure 4 (b) shows the relative dynamic elastic modulus after various temperatures and cooling patterns to quantify the imposed re-damage of concrete.
e results manifest that the relative dynamic elastic modulus decreases with the increasing of temperatures and that the decrease becomes more obvious when the temperature is above 400°C. Particularly, the relative dynamic elastic modulus after water-cooling is higher than that after air-cooling when the temperature reaches 200°C, which demonstrates the concrete after water-cooling su ers a relative low re-damage. Analyzing the reason is that the water-cooling treatment provides a recuring environment and accelerates the rehydration of cementitious materials in concrete with slight re-damage, and some microcracks can be closed or lled with the hydration products. Whereas when the temperature is above 400°C, the relative dynamic elastic modulus after water-cooling becomes lower than that of air-cooling, and it manifests that the re-damage after water-cooling is higher than that after air-cooling. e large temperature di erence, between the cold water and the concrete with high temperature, leads to more rapid Advances in Civil Engineeringdevelopment of cracks and pores in concrete. As a result, the relative dynamic elastic modulus reduces correspondingly.
Effects of High Temperature and Cooling Pattern on the Chloride Permeability.
Chloride attack is the main reason that results in the steel corrosion in reinforced concrete, which significantly aggravates the durability degeneration and reduces the service life of concrete structure [44, 45] . Figure 5 shows the chloride content curves of concrete after various high temperatures and cooling patterns. e results show that the increased temperatures result in the growing of the maximum chloride content, and that the increase becomes more significant during the temperature above 400°C. Comparing with the results in Figures 5(a) and 5(c) , as well as in Figures 5(b) and 5(d) , the maximum chloride content of concrete with the low w/c ratio is lower than that with the high w/c ratio, after suffering the same temperatures and cooling patterns.
Seeing from Figure 6 (a), the cooling pattern has an obvious impact on the maximum chloride content of concrete after suffering the same temperatures. When the temperature is 200°C, the maximum chloride content after water-cooling is lower than that after air-cooling. Whereas when the temperature reaches 400°C, the maximum chloride content after water-cooling becomes higher than that after air-cooling.
e chloride diffusion coefficient is closely related to the chloride penetration rate, and it can be obtained by using Fick's second law to fit the chloride content curves. As shown in Figures 5 and 6(b) , the results highlight that the chloride diffusion coefficient increases with the growing of temperatures, and that the increase becomes more obvious when the temperatures are above 400°C. Seeing from Figure 5 (a), the chloride diffusion coefficient after 200, 400, and 600°C are 1.39, 2.85, and 5.36 times as high as that after 20°C, respectively. is is mainly due to the increase in the pores and cracks development in concrete, which the increased temperatures lead to, and the previous studies [46] found an increase in the porosity by a factor of 1.4 between 20 and 450°C. e newly formed cracks and pores provide the more passageways for chloride penetration into concrete; thus, the chloride permeability increases. Furthermore, the chloride diffusion coefficient with the low w/c ratio is lower than that with the high w/c ratio, after suffering the same temperatures and cooling patterns.
When the temperatures are 200, 400, and 600°C, respectively, the chloride diffusion coefficient after watercooling is about 0.94, 1.11, and 1.07 times as high as that after air-cooling, compared with the results in Figures 5(a) and 5(b). It is worth noting that the chloride diffusion coefficient after water-cooling is lower than that after aircooling when the temperature is 200°C. is is attributed to it that the water-cooling treatment promotes the secondary hydration of the unhydrated compounds in concrete with slight fire-damage. e previous scholars [42, 47] also obtained the similar results, and they found the rehydration of the components, resulting from decomposing of concrete at high temperatures, leaded to the microstructure of concrete after water-cooling was denser than that after air-cooling. e increased density reduces the concrete's permeability; thus, the chloride permeability after water-cooling is lower than that after air-cooling when the concrete suffers a slight fire-damage. Whereas when the temperature is above 400°C, the chloride diffusion coefficient after water-cooling becomes higher than that after air-cooling. is is due to the concrete after air-cooling produced hairline cracking; however, the concrete after water-cooling experienced cracking that appeared to not only be wider but also have an increased length, 30 to 40 mm [48] .
e discussions above highlight that the increased temperatures enhance the chloride permeability. Figure 7 shows the relationship between the chloride permeability and the fire-damage of concrete.
e results highlight that the maximum chloride content and chloride diffusion coefficient both increase with the decreasing of relative dynamic elastic modulus and that the increase becomes more significant during the relative dynamic elastic modulus below 30%.
Effects of Recuring Treatment on the Chloride Permeability of Concrete with Fire-Damage.
is part mainly investigates the effects of recuring treatment on the chloride permeability of concrete after various temperatures. Seeing from Figure 8 (a), the maximum chloride content after recuring is lower than that without recuring, and the decrease in the maximum chloride content becomes more significant with the increasing of temperatures. e results above manifest that the recuring treatment significantly reduces the chloride permeability of concrete with fire-damage. Under high temperature, the decomposition of hydration products results in the decrease in the concrete properties, and the decrease becomes remarkable after a relative high temperature. By the recuring treatment, sufficient water is provided for the secondary hydration reaction in concrete, and the newly formed hydration products are connected to each other. Furthermore, the morphology of concrete changes significantly after water recuring, especially the rehydration of C-S-H and CaCO 3 improves microstructure of concrete resulting in an increase in the concrete properties [49] . us, the improved concrete density reduces the chloride permeability of concrete.
Chloride Permeability of Recycled Aggregate Concrete after
High Temperature. Table 3 shows the mass loss of RAC after various high temperatures.
e results highlight that the mass loss increases with the growing of temperatures, and the increase becomes more remarkable during the temperature above 400°C. Such as, the mass of RAC-100% after 200, 400, and 600°C decreases by 1.79%, 6.16%, and 7.53%, respectively. Whereas for RAC exposed to the same temperature, the increased RA replacement ratios lead to an increase in the mass loss of concrete. Such as, the mass loss of RAC-33%, RAC-66%, and RAC-100% are 1.27, 1.42, and 1.66 times as high as that of RAC-0% with the temperature of 600°C, respectively. Table 3 also gives the relative dynamic elastic modulus to quantify the re-damage of RAC after various temperatures.
e results show that the relative dynamic elastic modulus decreases with the increase in temperatures. However, after su ering the same temperature, the relative dynamic elastic modulus reduces with the increasing of RA replacement ratios. For example, the relative dynamic elastic modulus of RAC-33%, RAC-66% and RAC-99% are 0.75, 0.55 and 0.48 times, respectively, as large as that of RAC-0% when the temperature is 400°C.
e results above manifest that the increased temperatures result in the increase in the re-damage and the addition of RA further boosts the re-damage of concrete. On the one hand, this is due to the addition of RA that results in the increase in the mortar content per unit volume of concrete [50] . e C-S-H, Ca(OH) 2 , and CaCO 3 contents, contained in concrete, all increase with the increase of RA replacement ratios. Exposing to the high-temperature condition, the decompositions of the C-S-H, Ca(OH) 2 and CaCO 3 enhance the mass loss of concrete. On the other hand, the inferior properties of adhered old mortar and ITZ further aggravate the performance degradation of RAC under high temperature [51] . Figure 9 gives the chloride content curves of RAC after various temperatures. e results manifest that the maximum chloride content increases with the increase in temperatures. Comparing with the results in Figures 9(a)-9(d) , the maximum chloride content increases with the increase in RA replacement ratios after the same temperatures, and the increase becomes more signi cant after a relative high temperature. Moreover, Figure 10 (a) gives the relationship between the RA replacement ratios and the maximum chloride content of RAC, and the results highlight that the maximum chloride content increases linearly with the growing of RA replacement ratios after the same temperatures. Particularly, the increased temperatures result in an increase in the slope of the tting straight line. For RAC after the same temperatures, the chloride di usion coe cient increases with the increase in the RA replacement ratios. For example, the chloride di usion coe cient of RAC-33%, RAC-66%, and RAC-100% is, respectively, 1.15, 1.55, and 1.88 times as large as that of RAC-0% when the temperature reaches 600°C. Figure 10(b) further gives the relationship between the RA replacement ratios and the chloride di usion coe cient of concrete after various temperatures. e results manifest that the chloride di usion coe cient increases linearly with the increase in RA replacement ratios after the same temperatures. Particularly, the slope of tting straight line increases with the growing of temperatures, which manifests that the addition of RA further enhances the chloride permeability sensibility of concrete under high temperature.
e discussions above highlight that the re-damage enhances the chloride permeability of RAC. is is due to that the imposed damage results in an increase in the development of cracks and pores in concrete, which provides more passageways for the chloride penetrating into RAC. Attributing to the inferior properties of adhered old mortar and ITZ on RA, the addition of RA remarkably enhances Advances in Civil Engineeringthe re-damage and the chloride permeability of concrete after the same temperatures. For investigating the correlation between the chloride permeability and imposed re-damage of RAC, Figure 11 (a) shows the relationship between the chloride di usion coe cient and relative dynamic elastic modulus. When the relative dynamic elastic modulus is above 30%, the chloride di usion coe cient increases slowly with the decrease in the relative dynamic elastic modulus, whereas the chloride di usion coe cient signi cantly boosts with the further decreasing of the relative dynamic elastic modulus. Figure 11(b) gives the correlation among the RA replacement ratios, the su ered temperatures, and chloride di usion coe cient and of RAC, which intuitively presents the chloride permeability of RAC under high-temperature condition.
Although this paper preliminary investigates the e ects of high temperature and cooling pattern on the chloride permeability of concrete, there still exist some limitations needed to be studied in the further. For example, considering the mix proportion of concrete used in the actual construction, the e ects of mineral admixtures should also be presented. In addition, the chloride permeability with 
Conclusions
Concrete is inevitably subjected to the re attack in practice. is paper is developed to investigate the e ects of high temperature and cooling pattern on the chloride permeability of concrete. Basing on the results of this experimental work, the following conclusions can be drawn.
(1) e residual strength decreases, as well as the redamage enhances, with the growing of temperatures, and the increase in the re-damage becomes more obvious during the temperature above 400°C. After su ering the same temperatures, the residual strength after water-cooling is higher than that after air-cooling when the temperature reaches 200°C, whereas the residual strength after water-cooling becomes lower than that after air-cooling during the temperature above 400°C. (2) e chloride permeability enhances with the growing of temperatures, and the increase in the chloride permeability becomes more signi cant when the temperature is above 400°C. e chloride permeability after water-cooling is lower than that after aircooling with the temperature of 200°C, whereas the chloride permeability after water-cooling becomes higher than that after air-cooling when the temperature is above 400°C. (3) e recuring treatment promotes the rehydration of C-S-H and CaCO 3 , as well as improves the microstructure of concrete with re-damage, which results in an increase in the concrete's dense. us, the chloride permeability after recuring is lower than that without recuring, and the e ects of recuring treatment on the reduction of chloride permeability is more remarkable for concrete with a serious re-damage. (4) After su ering the same temperatures, the redamage and chloride permeability both increase with the increase of RA replacement ratios. e chloride permeability increases linearly with the increase in the RA content, and the increased temperatures result in an increase in the slope of the tting straight line, which manifests that the addition of RA enhances the chloride permeability sensibility of concrete exposed to hightemperature condition.
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